Using continuum dynamic van der Waals theory in a radial 1D geometry with a Lennard-Jones fluid model, we investigate the nature of vapor bubble nucleation near a heated, nanoscale-curved convex interface. Vapor bubble nucleation and growth are observed for interfaces with sufficiently large radius of curvature while phase stabilization of a superheated fluid layer occurs at interfaces with smaller radius. The hypothesis that the high Laplace pressure required for stable equilibrium of very small bubbles is responsible for phase stability is tested by effectively varying the parameter which controls liquid-vapor surface tension. In doing so, the liquid-vapor surface tensionhence Laplace pressure-is shown to have limited effect on phase stabilization vs. bubble nucleation. However, the strong dependence of nucleation on leading-order momentum transport, i.e. viscous dissipation, near the heated inner surface is demonstrated.
A number of potentially transformative technologies, spanning applications as diverse as plasmonic photothermal cancer therapy [1] [2] [3] [4] , photocatalysis [5, 6] , efficient solar-powered water desalination [7] [8] [9] [10] , and physicochemical separations [11] , rely on optimizing energy and momentum transfer between a hot, nanostructured solid and a surrounding fluid [12, 13] . While the use of metallic [14, 15] , metal-dielectric structured [16] , and/or molecularly functionalized nanoparticles [17, 18] have been studied for many such applications, a number of fundamental questions persist.
One particularly interesting question concerns the nature of liquid phase stabilization at temperatures near, or even above, the liquid critical temperature, due to nanoscale effects [19] [20] [21] .
Phase stabilization due to cooperative nanoscale confinement and surface-fluid interaction has been predicted under a variety of circumstances (see [19] and references therein). However, the predicted phase stability of liquid surrounding small gold nanoparticles observed in molecular dynamics simulations [20, 21] is quite curious; it is not a priori clear how the curvature of a convex solid-fluid interface would act to stabilize the heated fluid against vaporization. One hypothesis is that the Laplace pressure required to sustain a stable bubble of small radius is too high and this suppresses vapor formation at the interface [20] . Here, we test this hypothesis using the dynamic van der Waals theory approach of Onuki [22, 23] for a model fluid confined between two rigid, impenetrable surfaces, held at a prescribed temperature difference(see Fig. 1 ) with sufficient distance to prevent reflected pressure waves from influencing the nucleation process during simulation. The governing equations are as follows, with the '˜' denoting dimensional variables: Mass transport is given by ∂ tñ + ∇ · (ñṽ) = 0 wherẽ n is the number density. The fluid velocity,ṽ is obtained from, Mñ (∂ tṽ +ṽ · ∇ṽ) = −∇ · P −D with molecular mass, M , pressure, and viscous dissipation tensors,P andD respectively. The temperature is governed by,c v ∂ tT +ṽ · ∇T = −l∇ ·ṽ + ∇ λ∇T +D : ∇ṽ with thermal conductivity, λ, and the Clayperon coefficient defined ℓ =T ∂P bulk /∂T n . Element-wise, the dissipation
3 ∇ ·ṽδ i,j + µ∇ ·ṽδ i,j , where η and µ are the shear and bulk viscosities, and δ i,j is the Kronnecker delta.
The pressure tensor is defined in the context of dynamic van der Waals theory, with a gradient contribution to the free energy density [22, 23] , with elementsP i,j =
where Ω o and ε are respectively the LennardJones volume and well-depth, and k B is the Boltzmann constant. Following Onuki [22] , the density gradient coupling parameter, C, is taken as a constant which may in principle be obtained from force balance at the equilibrium liquid-vapor interface and hence related to the liquid-vapor surface tension γ LV as done by Lombard et. al [24, 25] . Instead, we treat this as a free parameter, effectively allowing control of the eventual (unknown) Laplace pressure, 2γ LV /R, independent of other factors which might affect bubble nucleation. Using the Lennard-Jones parameters for Argon ε = 7.033 × 10 −21 J and Ω The number density is scaled by the liquid bulk number density, n LB at an ambient pressureP = 0.7 MPa and temperature T = 0.56T c , and we introduce the parameter α = Ω o n LB . The specific heat isc V = 3k Bñ /2, and the Clayperon coefficient is obtained from the bulk (dimensionless) pressure P = nT /(1 − αn) − 27 8 αn 2 . We assume η ≈ µ = νMñ with a constant kinematic viscosity, ν, for simplicity. This also permits control of viscous dissipation in a convenient way. The thermal conductivity is taken to be λ = k B νñ, following [23] .
We neglect angular dependence induced, for example, by non-uniformity in surface heating for now and restrict ourselves to cases with purely 1D radial symmetry. The divergence operator is written
with m = 0, 2 representing planar or spherical symmetry respectively. Using the scalings and definitions for material parameters above, the 1D radial (dimensionless) governing equations are:
where we have defined
and the evolution of the temperature profile is given by
Here we have introduced the dimensionless parameters
The former is a dimensionless counterpart of the density gradient coupling constant, C, which we take as a free parameter with the range δ = 10 physical mechanism resulting in the development of Laplace pressure is represented by the δm/x-term in Eqn. 1. The parameter β is similar to the inverse Reynolds number; it is a ratio of diffusive to ballistic momentum transport which controls both viscous dissipation and thermal conductivity. Assuming a constant kinematic viscosity of 5 × 10 −6 m 2 s −1 , about equal to the value for critical Argon along the saturation curve [26] [30] , and the L-J parameters, β = 47.192. This implies bulk (local) energy and momentum transport will determine the leading-order dynamics, with interfacial effects acting as a singular perturbation.
To simulate evolution of an initially uniform fluid of temperature T = 0.56 and density n = 1 in contact with a nanocurved surface of infinite heat capacity and infinite interfacial conductance (see Fig. 1 ), the governing equations are solved numerically on a 1D grid for several values of boundary radius r with m = 0, 2. The boundary conditions are T (r, t) = 0.85 and T (d + r, t) = 0.56, P (x, 0) = P (d + r, t) = 0.0059, n(d + r, t) = 1, v = 0 at both interfaces, and ∂ x n| x=r = −χ/T (r) where
o /CT c n LB . φ o is a wetting parameter [23] describing interfacial adsorption of fluid onto the solid and can be related to the contact angle for the appropriate liquid-vapor-solid equilibrium [25, 27] . Here, we simply treat this as a parametrization of the solid-fluid interaction. The input heat flux, −βn∂ x T (x = r) is evaluated as an average over the first few grid points, and plotted in Fig. 2 . Overall, the heat flux into interfaces with smaller radii is higher, as might be expected from purely geometric effects, and the heat flux response with increasing radius is seen to approach the planar m = 0 case in the limit r → ∞.
The profiles n(x, t f ), T (x, t f ), and P (x, t f ) are shown in Fig. 3 . As evident in the density profiles, the interface with the smallest radius shows a phase stabilization effect wherein a dense liquid layer forms adjacent to the heated surface. The inflection evident in the heat flux density for the interfaces with smaller radii (i.e. r = 50) corresponds with the evolution of a layer of high-density, high thermal conductivity liquid with a linear temperature drop. For larger radii (r ≥ 200), a liquid-vapor interface develops and the reduction in heat flux (Fig. 2) coincides with a relaxation of the pressure gradient ( Fig. 3b) and development of the liquid-vapor interface (Fig. 3a) . The local pressure minimum, corresponding with the local compressive maximum, is taken to define the bubble interface in Fig. 3b . Assuming the eventual equilibrium Laplace pressure can be estimated by the difference in peak pressures on either side of the minimum of a welldeveloped interface, from the r = 1000 case one obtains a (dimensionless) pressure of about P Lap ≈ ∆P = 0.12 and corresponding dimensionless surface tension γ = 90. One can then use this as an estimate the necessary peak pressure, ∆P min , to sustain a liquid-vapor interface for other radii. For r = 200, one obtains ∆P min = 0.288 and for r = 50, ∆P min = 1.35. In both cases, these are lower than the pressure differences across the pressure minima. However, unlike the larger radii, i.e. r = 1000, the peak pressure for r = 50, 200 is at x = r and falls off rapidly. In the phase-stabilized liquid layers for r = 50, the density and pressure profiles have a 1/x-like behavior near x = r. Such radial field-focusing is common in other relaxation and transport processes with a strong diffusive character [28] , and suggests that diffusive momentum transport may play an important role in phase stabilization at nanoconvex interfaces.
While it is clear the pressure profiles at t = 3500 ( Fig. 3 follow a strong, radius-dependent trend, it is not clear that the phase stability is due to an insufficiently high bubble pressure compared to the Laplace pressure of a hypothetical equilibrium interface. The r = 200 case appears to be just above the threshold for bubble nucleation and has both a high-pressure, high-density layer on the hot boundary as well as a low-density bubble-like region followed by a small, local density maximum before tapering to bulk-like values. This suggests that deeper insight into the phase stabilization mechanism may be gained by changing interfacial and transport parameters while keeping the interface radius and L-J parameters, hence scales of energy and length, fixed.
Accordingly, we compare the calculation of the heat flux for δ = 10 −9 , 10 −6 ,and 10 −3 . Since δ ∼ O(γ 2 LV ), this corresponds to changing the liquid-vapor surface tension, hence eventual Laplace pressure, by 3 orders of magnitude. Several values of the solid-fluid interaction parameter, χ = −10 −3 to 10 −3 , and three values of β were also compared. The heat flux indicates very weak dependence on the interfacial parameters, δ, χ, themselves, which may be anticipated by considering that these terms are essentially higher-order contributions to the dynamics. Hence changes in the eventual Laplace pressure, vis a vis γ LV , have negligible effect.
However, comparing the heat fluxes in Fig. 4 , it is clear that momentum and energy transport have a strong dependence upon kinematic viscosity through β. Sufficiently large β results in stabilization of the hot liquid; dissipative losses are high and heat conduction through the liquid near the interface is rapid with high flux due to the radial geometry. This is evident in the broader final temperature distributions in the r = 50 case (Fig. 3b, inset) and the two curves with larger β values in Fig. 5a . At early times, the high heat flux for the phase-stabilized cases, β = β o , 2β o , results in a much smaller change in density. However, the change in density at early times in the phase stabilized case is more spatially extended with a shallow local minimum displaced from the solid-fluid interface (see Fig 5a inset) , thus compressing the innermost fluid layer. [31] This contrasts with bubble nucleation (β = 0.25β o in Fig. 5 ), wherein the density undergoes a more non-uniform initial expansion, resulting in the formation of a sharper, propagating compression at the vapor-liquid interface (blue to red solid lines, Fig. 5 ). Phase stabilization originates in the x −1 radial contribution to the viscous dissipation, represented by the last terms in each of Eq. 1 and 2. In the limit r → ∞, the equations approach the planar case with β effectively controlling thermal conductivity. The stabilization effect, as well as the compression, does not occur. Hence we conclude stabilization occurs primarily because the fluid close to the interface cannot accumulate internal energy fast enough to undergo phase change via expansion and is subsequently compressed by the relatively slight expansion of the outer layers.
While the liquid density near the interface is considerably higher in the continuum calculation compared to atomistic simulation [20, 21] , the two pictures agree qualitatively in that there appears to be a radius of curvature below which a superheated liquid layer remains stable and vapor bubbles do not nucleate during the length of time of the simulations (up to about 4 ns.) However the apparent minimum radius as determined by MD [21] is roughly an order of magnitude smaller. This stems in part from the temperature-dependent kinematic viscosity of liquid Ar at T = 0.56T c being about an order of magnitude smaller than the constant value used here. Furthermore, the kinematic viscosity of Ar also increases as the liquid heats and vaporizes [26] . This suggests bubble nucleation may occur initially, at the lower viscosity, but that increasing viscous dissipation could contribute very strongly to the collapse of very small bubbles. Furthermore, the solid-fluid interaction and steric corrections are likely much more important when the radius of curvature approaches the magnitude of the corresponding L-J radius, as steric exclusion places an upper bounds on the density. But these considerations do not invalidate our conclusion regarding the role of viscous transport in phase stability; it is the leadingorder factor in determining bubble nucleation but not necessarily subsequent dynamics. Having said this, the roles of changing viscosity, surface-fluid interaction, and understanding molecular effects are the subject of ongoing work.
In conclusion, we have demonstrated in the context of dynamic van der Waals theory that the Laplace pressure at nanoscale-curved interfaces does not appreciably affect phase change and bubble nucleation. Instead, we have determined that viscous dissipation near the curved surface can lead to phase stability for sufficiently high curvature. The results suggest that tailoring both overall geometry as well as surface properties which affect the structure, hence viscosity, of adjacent fluid layers [29] , could be used to optimize nanostructured solid-fluid heat transfer and control nanoscale boiling via viscous dissipation.
